Abstract. Female Petrosaurus mearnsi develop orange throat coloration when gravid. This coloration was induced in the nonbreeding season (late fall) by exogenous progesterone delivered by subcutaneous implantation in Silastic capsules or intramuscular injection. Color change was first apparent after five days of administration. The time course of brightening was similar for the two methods. Color change was first apparent after five days, and was detectable in most females receiving implants after six days. For both routes of administration, maximum brightening usually occurred within three days of the time that brightening was first detected. Following removal of implants or termination of daily injections, the throat coloration of most females had begun to fade within 25 to 30 days. However, two injected females did not fade at all after sixty days and none faded completely to pretreatment coloration. This suggests that endogenous steroid production by early winter is insufficient to induce brightening, but it might maintain some degree of artificially induced brightening. Because progesterone has also been shown to induce orange female coloration in a distantly related phrynosomatid species and two species of crotaphytids, we hypothesize that induction of bright female secondary sexual coloration by progesterone may be a widespread trait in iguanian lizards.
Introduction
Bright female secondary sexual coloration is a rare phenomenon among vertebrates, but is widely distributed among certain groups of iguanian (Estes et al., 1988) lizards (Cooper, 1984; Cooper and Greenberg, 1992) . Typically, bright pigments are deposited slightly before ovulation, resulting in rapid brightening in Crotaphytus collaris (Ferguson, 1976) and Holbrookia propinqua during the terminal period of vitellogenesis. Female H. propinqua may copulate immediately after the attainment of full brightening, but thereafter become very aggressive toward males (Cooper and Crews, 1988) , exhibiting aggressive behaviors such as sidlehopping, back-arching, and tail displays not performed at other times (Clarke, 1965; Carpenter and Ferguson, 1977; Cooper, 1984 .
Because the bright color is retained throughout the interval in which the female is gravid, it is often called gravid coloration. In species showing gravid coloration, the color intensifies near the onset of gravidity and is retained until after oviposition. It may subsequently fade after a single seasonal clutch until the following reproductive season, e.g., in C. collaris (Fitch, 1956 ) and some populations of Gambelia wislizenii (Medica et al., 1973) . Alternatively, it may fade and reintensify in successive clutches during a single breeding season, e.g., other G. zvislizenii (Medica et al., 1973) . Although coloration waxes and wanes with the reproductive cycle in the relatively few species studied, it remains possible that sexually dimorphic bright female coloration in some lizards may be retained throughout adulthood.
Bright female reproductive coloration develops under the influence of sex steroid hormones. In female C. collaris and G. wislizenii, exogenous progesterone and testosterone induce brightening (Cooper and Ferguson, 1972a, b; Medica et al., 1973) . Estradiol is ineffective (Cooper and Ferguson, 1972a, b; Medica et al., 1973) although it decreases the latency to brightening in C. collaris (Cooper and Ferguson, 1973) . A slightly different pattern occurs in H. propinqua, in which progesterone and testosterone are the primary agents of color change, but estradiol alone causes some deposition of the orange color component, but not of the yellow (Cooper and Clarke, 1983; Cooper and Crews, 1987; .
Our ongoing review of the literature suggests that gravid coloration may be limited to iguanian lizards and that it is widespread within this group (e.g., Cooper, 1984; Cooper and Greenberg, 1992) . One indication of the possible homology of such coloration might be similarity of its physiological control. To date, steroidal induction of gravid coloration has been shown experimentally to occur only in Crotaphytidae and in a single species in Phrynosomatidae (H. propinqua). In another phrynosomatid species, the banded rock lizard, Petrosaurus mearnsi, the female develops a bright orange throat coloration when gravid (Stebbins, 1985) . As this species is only distantly related to H. propinqua (Frost and Etheridge, 1989) , the existence of similar steroidal induction of gravid coloration would suggest homology of the coloration within Phrynosomatidae and between that family and Crotaphytidae although homoplasy cannot be dismissed. To determine whether the physiological regulation of this coloration is similar to that of the previously studied species and to characterize the coloration and its time course, including deposition and fading, we treated adult females with exogenous progesterone and recorded changes in color. 'The study was conducted in late fall and early winter when orange throat coloration is least intense.
Material and methods
Adult female P. mearnsi were collected in Imperial County, California after the breeding season when throat coloration had faded to minimal intensity in most females and the most brightly colored female was far paler than at maximal intensity. The lizards were shipped to Indiana University-Purdue University at Fort Wayne, where each female was housed individually in a 50x26x31 cm glass terrarium containing a sand substrate, a water bowl, and a shelter. The lizards were maintained on a 14:10 LD cycle at temperatures ranging from 27-32° C. They were fed crickets dusted with vitamins and calcium carbonate three times per week to satiation; water was available ad libitum. The initial plan was to investigate the effects of progesterone in ovariectomized females, but fatalities in the first two attempts and limited sample size forced us to examine the effects of exogenous progesterone on color in intact females. Eleven females weighing 13.5-19.1 g were implanted subcutaneously with Silastic capsules (1.1 I cm long, 0.8 mm i.e., 1.7 mm o.d.) on 16 October, 1991. These were placed posterodorsally to the left forelegs of lizards under cold anesthesia. The capsules contained progesterone in six females and were empty in five females. The throat coloration of females was measured by comparison with color chips from the Munsell glossy color collection (Macbeth, 2441 No. Calvert St., Baltimore, MD 21218 USA). Each chip in this set of color standards has known values of dominant wavelength and saturation at the dominant wavelength, allowing rapid, reliable assessment of color (e.g., Cooper and Ferguson, 1972b) . Throat coloration was recorded daily for twenty-one days, after which the implants were removed. Then three former control females and one former experimental female were given daily intramuscular injections of 75 pg progesterone in 30 pl safflower oil for 12 days, during which throat colors were recorded daily. Beginning the last day of steroid treatment for a given female, either upon removal of the silastic capsule or termination of injections, fading was monitored for sixty days at five-day intervals in eight females that brightened in response to progesterone.
The Munsell colors which matched lizard throat colors during the study were used to construct an ordinal scale of the intensity of orange throat coloration. Increases in oragngeness rank indicate brightening. Parametric tests of the significance of color change were deemed inappropriate because the absence of change in the control group would lead inevitably to violation of the assumption of normality. Instead, the significance of induced changes in throat coloration was assessed nonparametrically by Fisher's exact tests (Siegel, 1956) . All tests are one-tailed under the hypothesis that experimental treatment with progesterone induces a greater intensification of orange throat coloration than does the control treatment.
Results
Munsell designations of colors observed on female throats, their dominant wavelengths, and excitation purities are shown with corresponding "orangeness" ranks in table 1. For the experimental group, the initial orangeness rank had mean=1.7, SE=0.4, and range=1-3; for the control group the corresponding figures were 2.2, SE=0.5, and range=1-3. These values did not differ significantly.
Progesterone treatment induced significant intensification of the orange throat coloration. The first signs of color change occurred five days after implantation in three females. By day six, four of six females showed increased orangeness ranks whereas none of the controls changed color at all throughout the experiment, indicating a significant induction of orange throat coloration by progesterone. Using a Fisher exact test, p=0.045 for an experimental group of six females. However, one female that did not change color until day 9,and then only minimally, was emaciated and subsequently died. If that female is included in the analyses, the probability of no difference between treatments by day 9 was p=0.013. Alternatively, if the female that died is excluded from the analysis, the differences between treatments on day 6 is significant with p=0.024. The remaining female implanted with progesterone did not brighten until day 11, and then by only one rank. Depending upon inclusion or exclusion of the female that died, the difference between the experimental and control groups on and after day 11 is significant at p=0.002 or p=0.004.
Orangeness values for five healthy females eight days after receiving progesterone implants were R=4.8, SE=1.1, and range 1-8. The time course of color change plotted as mean rank change ( fig. 1 ) reveals a rapid brightening to the maximum attained value by day eight for the group of five healthy females.
Following removal of Silastic capsules upon completion of the initial experiment, the single female from the group that previously received progesterone but did not brighten was injected daily with progesterone. This female began to visibly deposit orange pigments on the ninth day of injections and attained maximal brightness (an increase of three ranks) three days later. This female and three females that had served as controls and later were injected with progesterone showed a collective time course of brightening quite similar to that of females receiving progesterone from Silastic capsules ( fig. 1 ), but with slightly lower initial values and higher final values. The lower initial means were attributable to delay in brightening by the single female treated first by implantation and second by injection. The final higher value was the result of the same female failing to brighten when implanted with progesterone in a Silastic capsule. If that female's data are removed from the implanted group, the mean rank increase after 1 1 days becomes 4.0, nearly the same as the final figure for injected females. Two of the three injected females that had been controls attained the highest rank (8) whereas only one female did in the implant study. Another hint that injection may have produced a slightly greater effect is that the one female that did not change in the first eight days of the initial study brightened an additional three ranks during the course of injections. However, the small size and substantial overlap of rank increase preclude meaningful statistical assessment because only the most extreme possible differences could be detected.
After steroid treatments were terminated, the orange coloration retained its maximum rank in all females for several weeks. One of the eight females monitored exhibited minimal fading by day 15; the throat coloration began to fade on three other additional females by day 25 and on two more on day 30; the remaining two did not fade at all during the 60-day observation period. All fading was completed by day 45, but none of the females faded completely to pretreatment levels (table 2). Among females that faded, the decrease in orangeness rank was consistently about half the original increase (mean=0.53, SE=0.02, range=0.50-0.60). This was independent of the actual brightness attained and the final ranks after fading, which varied from 1 to 3 and 2 to 5, respectively. Two females in the original control group that were monitored during the fading study showed no change from their original ranks (1 and 3). Table 2 . Fading of orange throat coloration in female Petrosaurus mearnsi following cessation of progesterone treatments. For each female, the figure at day zero is the cumulative increase in orangeness rank induced by exogenous progesterone. Subsequent figures for each female give the cumulative decrease in orangeness rank. -indicates data are missing because the female died.
Discussion
The results clearly indicate that implantation or injection of exogenous progesterone induces development of secondary sexual throat coloration in female P. mearnsi.
Although these findings strongly suggest that progesterone is the responsible agent, this conclusion is less certain than it would have been had the females been ovariectomized. Another possibility is that the exogenous progesterone could have been converted to or indirectly promoted synthesis of other steroids in the ovary that were the actual agents of color change.
In the three other species studied, progesterone is the primary chromatogenic agent and produces deposition of orange pigments whether or not the lizards have been ovariectomized Ferguson, 1972b, 1973; Medica et al., 1973; Cooper and Clarke, 1983; Crews, 1987, 1988) . Estrogen plays relatively minor, but differing roles in the development of bright female colors in H. propinqua (Cooper and Crews, 1987) and C. collaris (Cooper and Ferguson, 1973) , but progesterone has similar effects even in these species.
The temporal data for P. mearnsi showed a delay of at least five days between the first exposure to exogenous progesterone and the onset of color change. Although one female that showed minimal color change did not respond until the eleventh day, all females that showed substantial color showed rapid brightening after the first increase in rank occurred. Maximum brightening occurred within two to three days in five females and in five and six days in one female each. Similar findings were made for H. propinqua (Cooper and Crews, unpublished data) . The time between steroid treatment and onset of color change is quite similar to that for intact and ovariectomized C. collaris Ferguson, 1972b, 1973) . The first signs of color change occurred in only two days in both intact and ovariectomized H. propinqua (Cooper and Clarke, 1983; Cooper and Crews, 1987) , suggesting a slightly faster response in that smaller species. Despite some apparent differences in temporal aspects of the pigmentary response to progesterone among species, the fairly rapid brightening after onset, similar latencies, and the lack of any effect of the presence of ovaries on latency in two other species all suggest that the results obtained in this study would not be materially altered by ovariectomy. We conclude that progesterone is almost certainly the major agent of female color change in P. mearnsi and that the physiological mechanisms controlling the cyclical bright reproductive colors of females are therefore likely to be very similar in the two phrynosomatid and two crotaphytid species studied. Future studies of P. mearnsi should confirm the effect of progesterone and test the actions of other sex steroid hormones in ovariectomized females. Because other species having bright female coloration under steroidal control display aggressive sexual rejection of males, including behavioral displays that are steroidally controlled and are performed only by brightly colored gravid females (reviewed by Cooper and Greenberg, 1992) , the existence and physiological regulation of such behaviors should be investigated in P. mearnsi. Fading of the orange pigmentation in this study after termination of progesterone treatment, which began in 25-30 days, might have been delayed somewhat by endogenous ovarian steroid production. Because female P. mearnsi produce clutches of eggs from June to August (Stebbins, 1985) , there would appear to be ample time for possible fading between successive clutches and brightening near the time of ovulation in the next cycle, as in G. wislizenii (Medica et al., 1973) . If the failure to fade completely to pretreatment coloration in the present study is the result of minimal endogenous ovarian steroid production, it may be anticipated that cyclical fluctuations in color intensity in seasonally iteroparous lizard species will be characterized by less complete fading than occurs overwinter in species from temperate regions or between successive peak reproductive seasons in the tropics.
The color observed in female P. mearnsi corresponds closely to the orange color component of H. propinqua, but is not identical. Of the six distinct Munsell chips matching females in this study, five also matched female H. propinqua (Cooper and Crews, 1987) . Maximally brightened females in the latter species developed more intense orange pigmentation, continuing the shift toward increasing dominant wavelength and saturation. Because intact females in winter developed less intense coloration following progesterone treatments than ovariectomized females studied during the breeding season, it is quite possible that the intensity would be greater in P. mearnsi in similar experimental conditions. It seems probable that the pigmentary basis for coloration is chemically quite similar in these two distantly related phrynosomatid species. Female C. collaris show a similar pattern of brightening, with a red shift and increasing saturation, again with greater final values than in P. mearnsi. Even the ranges of dominant wavelength and percent saturation are quite similar in all three species Table   3 ). The precise color chips overlap those of the other two species, but fall much more frequently in the 7.5 YR series for C. collaris than for the other species. Although the integumentary distribution of orange pigments differs greatly among the three species, all have similar dominant wavelengths with very low saturation when faded. The dominant wavelength and percent saturation attained by P. mearnsi in this study are less than those for the other species, especially the saturation. This suggests similar pigmen- tary processes that either stop at an earlier stage in P. mearnsi or failed to be completely expressed in the experiment. Presumably the slight interspecific differences in color categories between P. mearnsi and H. propinqua and the slightly greater ones between those species and C. collaris reflect differences in pigment molecules although differences in concentration of similar pigments might also account for the observations. In H. propinqua there are very small amounts of B-carotene in the skin, but the dominant pigment is a pteridine (Garstka and Cooper, unpublished data). The similarity in appearance of the colors suggests that pteridines may be colorants in P. mearnsi as well. The solubility of the orange pigments of C. collaris in alcohol (Cooper, unpublished) is consistent with either a carotenoid or a pteridine. Furthermore, preliminary data suggest that pteridines are widely used in iguanian lizards to produce display colors (e.g., Maldonado, 1963, Ortiz et al., 1966; C. Thompson, personal communication) .
The finding that bright throat coloration can be induced by progesterone in female P. mearnsi, the same inductor effective in the two crotaphytid species studied previously, is consistent with the hypothesis that progesterone induces bright female secondary sexual coloration in a wide range of iguanian taxa. Such induction of bright female secondary sexual coloration may be homologous in phrynosomatid, crotaphytid, and perhaps other iguanian families, but further data are required.
